Protein kinase C (PKC) is a family of enzymes involved in synapse formation and signal transduction at the neuromuscular junction. Two PKC isoforms, classical PKC ␣ and novel PKC , have been shown to be enriched in skeletal muscle or localized to the endplate. We examined the role of nerve in regulating the expression of these PKC isoforms in rat skeletal muscle by denervating diaphragm muscle and measuring PKC protein expression at various postoperative times. nPKC protein levels decreased 65% after denervation, whereas cPKC ␣ levels increased 80% compared with control hemidiaphragms. These results suggest that innervation regulates PKC and ␣ isoform expression in skeletal muscle. To explore further how nerve regulates PKC expression, we characterized PKC isoform expression in rat myotubes deprived of neural input. Myoblast expression of nPKC was low, and the increase in nPKC expression that occurred during differentiation into myotubes resulted in levels of nPKC significantly below adult skeletal muscle. cPKC ␣ expression in myoblasts increased during differentiation to levels that exceeded expression in adult skeletal muscle. Coculturing myotubes with a neuroblastoma X glioma hybrid clonal cell line (NG108-15) increased nPKC expression, but not cPKC ␣, suggesting that nPKC in skeletal muscle and myotubes is regulated by nerve contact or by a factor(s) provided by nerve. Treating myotubes with tetrodotoxin did not affect either basal-or NG108-15 cell-stimulated nPKC expression. Together these results suggest that expression of nPKC in skeletal muscle is regulated by a transynaptic interaction with nerve that specifically influences nPKC expression.
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Protein phosphorylation is involved in synapse formation and function at the neuromuscular junction. In particular, protein kinase C (PKC), a Ca ϩ2 -and phospholipid-sensitive protein kinase, has been implicated as a participant in these processes. For example, decreased expression of the nicotinic acetylcholine receptor (nAChR) has been linked to muscle activity and activation of PKC (Klarsfeld et al., 1989; Huang et al., 1992) . Application of phorbol esters, which activate PKC, to myotubes inhibits both basal and acetylcholine receptor inducing activity (ARIA)-stimulated nAChR synthesis (Burstajn et al., 1988; Altiok et al., 1995) . Treatment of myotubes with phorbol esters disrupts spontaneously formed nAChR clusters and abolishes the activity of agrin, an nAChR clustering factor (Burstajn et al., 1988; Ross et al., 1988; Wallace et al., 1991) , suggesting that PKC may play a role in the distribution of nAChRs in the postsynaptic membrane. The amplitude of currents induced by the iontophoretic application of acetylcholine to chick myotubes and frog endplates is diminished by the activation of PKC (Eusebi et al., 1985; Caratsch et al., 1986 ). An accelerated decay in nAChR currents in oocytes injected with nAChR subunit mRNA was obtained by treating oocytes with phorbol esters (Mileo et al., 1995) . A reduction in the magnitude of the voltage-gated sodium channel current and a slowing of the current inactivation rate have been attributed to phosphorylation of the sodium channel by PKC in myotubes (Numann et al., 1994) . Although the phosphorylation events that mediate these effects have not yet been identified, several important molecules in the neuromuscular junction have been demonstrated to be substrates for PKC. PKC phosphorylates the Torpedo nAChR in vitro (Safran et al., 1987) , whereas PKC may be directly or indirectly responsible for phosphorylating the nAChR in myotubes (Ross et al., 1988; Miles et al., 1994) . Potential PKC phosphorylation sites have been identified on the nAChR ␦ subunit and on the adult skeletal muscle sodium channel ␣ subunit (Miles and Huganir, 1988; Bendahhou et al., 1995) . Neither the first messenger that stimulates PKC activity nor the PKC isoforms involved in phosphorylating substrates in the neuromuscular junction have yet been identified.
The PKC family of enzymes is comprised of multiple isoforms, each encoded by a separate gene. PKC isoforms consist of a single polypeptide chain and are grouped according to the homologous amino acid sequences contained within their regulatory and catalytic domains (Nishizuka, 1992; Hug and Sarre, 1993; Newton, 1995) . Classical PKCs (cPKC) contain a calcium-binding or selectivity (C2) domain that is absent in the novel PKCs (nPKC). Both classic and novel isoforms of PKC contain a binding site (C1) for diacylglycerol and phorbol ester, each of which stimulates kinase activity. The multiplicity of PKC isoforms and their differences in tissue distribution raise the question as to whether they function distinctly within different tissues or cells.
Skeletal muscle is enriched for the mRNA encoding cPKC ␣ and nPKC compared with other known isoforms of PKC, suggesting that these are the most abundant PKC isoforms present in this tissue (Osada et al., 1992) . cPKC ␣ appears to be ubiquitously expressed, whereas nPKC is exclusively expressed in skeletal muscle, hematopoietic tissue, and testes (Osada et al., 1992; Baier et al., 1993; Chang et al., 1993; Mischak et al., 1993; Hilgenberg and Miles, 1995) . Previously, our laboratory demonstrated that nPKC expression is developmentally regulated in postnatal skeletal muscle and is localized to the neuromuscular junction (Hilgenberg and Miles, 1995) . These results suggested that nPKC may be specifically involved in events associated with maturation of the neuromuscular junction. To explore further the potential role of these two PKC isoforms in skeletal muscle and the neuromuscular junction, we sought to determine the cellular mechanisms that influence their expression.
We investigated whether nerve regulates PKC expression and found that nPKC levels decreased whereas cPKC ␣ levels increased after denervation of skeletal muscle. To delineate further the underlying mechanisms responsible for these changes, we explored PKC isoform expression in aneural myotubes. nPKC expression in myoblasts was significantly below levels detected in adult skeletal muscle and remained so after myogenic differentiation, suggesting that the absence of nerve deprives myotubes of a factor(s) influencing expression of this isoform. Coculture of myotubes with a neuroblastoma X glioma hybrid clonal cell line (NG108-15) (Christian et al., 1977) that is capable of forming functional synapses on myotubes resulted in significantly enhanced expression of nPKC by the myotubes. These observations support the hypothesis that nPKC expression is regulated transynaptically at the neuromuscular junction and that this PKC isoform plays a role in the formation and function of this synapse.
MATERIALS AND METHODS
Denervation or nerve crush of rat skeletal muscle. Adult Sprague-Dawley rats (300 -500 gm) were anesthetized with sodium pentobarbital and unilateral denervation, or nerve crush was performed on hemidiaphragms via a thoracic incision. A 3-5 mm segment of the phrenic nerve was either excised or crushed with a forceps within 2 mm of its entrance into the diaphragm. The wounds were sutured, and the rats were allowed to recover.
Tissue culture. Rat primary myotube cultures were established from hindlimb muscles of 20 -21 d embryos as described previously (Miles et al., 1994) . Myoblasts were plated on collagen-coated 35 mm tissue culture dishes unless otherwise stated and were grown in DMEM supplemented with 20% (v/v) fetal calf serum (FCS) and 33 mM glucose. After 2 d, this medium was replaced with medium containing 10% (v/v) horse serum and 2% (v/v) chicken embryo extract. Primary rat fibroblast cultures were established by preplating an embryonic hindlimb muscle cell preparation for 1 hr on non-collagen-coated tissue culture dishes and then gently washing off the myoblasts. The remaining fibroblast-enriched cultures were treated according to the same regimen as for primary myoblast/ myotube cultures. National Institutes of Health 3T3 cells were grown in DMEM with 10% FCS. NG108-15 cells, a gift from M. Nirenberg (National Institutes of Health, Bethesda, MD), were grown in DMEM containing 1ϫ hypoxanthine-aminopterin-thymidine and 10% FCS on tissue culture dishes. NG108-15 cells were induced to differentiate, when they reached 80% confluency, by applying differentiation medium composed of NG108-15 cell growth medium containing 200 M isobutylmethylxanthine (Sigma, St. Louis, MO) and 5% horse serum substituted for FCS. Cocultures were established by adding dispersed NG108-15 cells in growth medium to primary myotube cultures. After a few hours to permit adhesion of the NG108-15 cells, the medium was removed and replaced with NG108-15 cell differentiation medium. Indirect cocultures were established by plating NG108-15 cells onto collagen-coated tissue culture inserts (Nunc, Naperville, IL), allowing the NG108-15 cells to differentiate, and then placing the inserts onto myotube cultures. The tissue culture inserts were composed of 45-m-thick polycarbonate semipermeable membranes, containing pores of determined sizes, that provided a surface for cell adhesion and growth. The inserts rested 1 mm above the underlying tissue culture dish, thereby separating the cells growing on the membrane from those on the tissue culture dish while permitting the exchange of medium and diffusible factors. The two cell populations can be assayed separately. During indirect coculture of myotubes and NG108-15 cells, both the cocultures and control myotubes were cultured in NG108-15 cell differentiation medium. NG108-15 cell-conditioned medium was obtained by collecting medium from NG108-15 cells cultured for 3 d in differentiation medium. The medium was centrifuged for 15 min at 1000 ϫ g, and the supernatant was added in place of myotube differentiation medium. All cultures were maintained at 37ЊC in a 5% CO 2 atmosphere.
Subcellular fractionation of rat skeletal muscle and cells in culture. Rat diaphragms were dissected, rinsed in PBS at 4ЊC, frozen in liquid nitrogen, and pulverized using a mortar and pestle. The powdered tissue was homogenized, using a Dounce homogenizer, in Buffer A (10 ml/gm wet weight) containing 20 mM Tris, pH 7.5, 10 mM EDTA, 10 mM EGTA, 25 g/ml aprotinin, 50 g/ml leupeptin, 10 mM benzamidine, 10 mM phenylmethylsulfonyl fluoride, and 10 mM ␤-mercaptoethanol. Cells in culture were scraped from the dish and homogenized in Buffer A (75 l/35 mm tissue culture dish). The homogenates were centrifuged at 6000 ϫ g for 2 min, and supernatants were collected and centrifuged at 95,000 ϫ g for 45 min. The resulting supernatants (cytosolic fractions) were collected, and the pellets (membrane fractions) were solubilized in Buffer A containing 1% Triton X-100 (30 l/pellet). Samples were adjusted such that either an equal amount of total protein (PKC expression per g protein) or an equal representative volume (PKC expression per tissue culture dish) from each of these two fractions was analyzed as indicated. Protein concentrations were determined using the Bio-Rad (Hercules, CA) protein assay based on Coomassie brilliant blue binding. NG108-15 cell membrane fractions were obtained from cells cultured for several days in differentiation medium, homogenized in PBS instead of Buffer A, and centrifuged as described above. The pellet from the high-speed centrifugation was resuspended in PBS and applied to myotubes.
Immunoblot analysis. Proteins were subjected to SDS-PAGE (8.5%) and then transferred electrophoretically to nitrocellulose membranes. The membranes were incubated overnight at 4ЊC in Blotto buffer containing 200 mM NaCl, 50 mM Tris, 0.1% Triton X-100, 0.2% Tween-20, 5% nonfat dry milk (w/v), and 0.4% Ficoll-400, pH 7.4, to block nonspecific binding. nPKC was detected using S22 antiserum (Hilgenberg and Miles, 1995) . cPKC ␣ was detected using a previously characterized monoclonal antibody, M6 (Leach et al., 1988 ) (UBI, Lake Placid, NY), followed by a rabbit anti-mouse secondary antibody (Dako, Carpinteria, CA). Membranes were then incubated with 125 Ilabeled protein A (ICN Biochemicals, Costa Mesa, CA), washed, and exposed to X-ray film. Radioactivity was quantitated using a PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The area to be quantitated was defined visually, and identical areas were used to quantitate sample as well as background for each PKC isoform. Background and maximal PhosphorImager measurements obtained were in the range of 500 to 10,000 units, respectively. The data obtained were within the linear range of the assay and the instrument for each experiment.
␣-Bungarotoxin binding assay. nAChR were assayed using [ 125 I]␣-bungarotoxin (DuPont NEN, Boston, MA) in cultures solubilized in 1% Triton X-100 according to established methods (Schmidt and Raftery, 1973) .
Northern blot analysis. Rat skeletal muscle was dissected, frozen in liquid nitrogen, and pulverized. Total RNA was extracted from frozen pulverized tissue or from cells in culture using RNAzol (Tel-Test, Friendswood, TX). Poly(A ϩ )-enriched RNA, isolated by oligo-dT chromatography, was electrophoresed through 0.8% agarose gels containing 7% formaldehyde and transferred to Hybond-N ϩ nylon membranes (Amersham, Arlington Heights, IL). Membranes were hybridized overnight at 65ЊC with a 32 P-random-primed labeled cDNA probe encoding nPKC , kindly provided by Shin-ichi Osada (Vanderbilt University, Nashville, TN) (nt Ϫ23-2262; Genbank accession number D11091) in a buffer containing 50 mM polyethylene glycol 8000, 7% SDS, 1.5ϫ SSPE, and 250 g/ml salmon sperm DNA. The membranes were washed at 65ЊC in 0.2ϫ SSC containing 0.1% SDS and exposed for autoradiography. Some blots were reprobed under the same conditions with a 32 P-random-primed labeled 250 bp fragment of the mouse cardiac ␣-actin gene (nt 940-1190; Leader et al., 1986 ; Genbank accession number M15501), kindly provided by L. Moscoso and J. Sanes (Washington University, St. Louis, MO). This actin probe cross-hybridizes with skeletal muscle actins.
RESULTS

PKC isoform expression is altered after rat skeletal muscle denervation
To explore the role of nerve in regulating PKC isoform expression, we unilaterally severed or crushed the phrenic nerve to rat diaphragm muscle and measured PKC expression at various times during postoperative recovery. nPKC expression relative to total protein in hemidiaphragms was found to decrease rapidly, reaching a maximal decrease of 65% 2 weeks after nerve cut compared to the untreated hemidiaphragm in the same rat ( Fig. 1 A) . Temporary denervation, in the form of nerve crush, led initially to a decrease in nPKC expression with the same time course observed after nerve cut, followed by a recovery in expression over a 2 week time period (Fig. 1 A) . These data suggest that expression of nPKC in skeletal muscle is regulated by innervation.
In contrast, cPKC ␣ expression was found to increase 80% in hemidiaphragms 14 d after nerve cut compared with control hemidiaphragms (Fig. 1B) . cPKC ␣ protein levels were also observed to increase initially after nerve crush followed by a return to control levels after 4 weeks (Fig. 1B) . The increase in cPKC ␣ expression after nerve crush occurred at an initial rate that paralleled the increase in cPKC ␣ seen after nerve cut but was slower than the changes in nPKC expression induced by denervation. Taken together, these results demonstrate that PKC ␣ and isoforms are differentially regulated in skeletal muscle by innervation. Figure 1 . Time course of nerve crush or axotomy on PKC expression in skeletal muscle. The phrenic nerve to rat diaphragm muscle was unilaterally severed (axotomy) (q) or crushed (E), and the rats were allowed to recover for the indicated times. Diaphragms were then removed, homogenized, and separated into cytosolic and membrane protein fractions by ultracentrifugation. Cytosolic (c) and membrane (m) proteins (50 g) from both denervated and control hemidiaphragms from each rat were separated by SDS-PAGE and transferred to nitrocellulose membranes. Immunoblots were probed with antiserum specific to nPKC (A) or antibody specific to cPKC ␣ (B) followed by a secondary antibody and 125 I-labeled protein A. The blots were exposed for autoradiography, and radioactivity was quantitated by PhosphorImager analysis using ImageQuant software. Data are expressed as percent decrease in nPKC (A) or increase in cPKC ␣ (B) expression in cytosolic plus membrane fractions of experimental compared with control hemidiaphragms of the same rat. Error bars represent SEM. For each point, n ϭ 3 or 4 rats. C shows a representative autoradiogram of an immunoblot from 14 d axotomized (Ϫ) and control (ϩ) hemidiaphragms.
It is possible that denervation affects PKC isoform expression in skeletal muscle due to the absence of nerve-evoked muscle activity and/or nerve-derived trophic factors as well as by the initiation of mononuclear cell proliferation. We turned to primary rat myotubes in culture as a strategy to explore these mechanisms.
PKC isoform distribution in rat primary myotubes in culture
Basal expression of PKC isoforms in cytosolic and membrane subcellular fractions from cultured myotubes devoid of neural input was analyzed to characterize this experimental model for exploring PKC isoform expression. nPKC (79 kDa) expression, per g protein, was found to be concentrated in the membrane fraction of primary myotube cultures (Fig. 2 A) but varied in extent between preparations. nPKC expression, per culture, was also greater in the membrane fraction rather than the cytosolic fraction of myotube cultures (Fig. 2B ). This distribution profile is similar to that observed for nPKC in adult skeletal muscle (Hilgenberg and Miles, 1995) .
In contrast, expression of cPKC ␣ (82 kDa) in myotube cultures was found to be distributed predominantly in the cytosolic fraction regardless of whether expression was assayed per g protein (Fig.  2C ) or per culture (Fig. 2 D) . This isoform distribution is also similar to that seen in adult skeletal muscle (Hilgenberg and Miles, 1995) . Immunoblots of cPKC ␣ from cultured cells using the M6 antibody resulted in the detection of higher-molecularweight proteins of unknown identity that are not seen in adult skeletal muscle (Figs. 1C, 2C ,D, 6C,D).
PKC isoform protein expression during myogenic differentiation
To determine whether PKC isoform expression in skeletal muscle is influenced by myogenic differentiation, we analyzed PKC isoform levels in cultures in which myoblasts were undergoing terminal differentiation to myotubes. In addition, these experiments also address the issue of whether muscle cell activity plays a role in PKC expression because well differentiated myotubes in culture contract spontaneously. Myotube differentiation in culture was monitored by measuring nAChR levels. Expression of nAChRs increased 10-fold between days 2 and 9 in culture (Fig. 3 A) , in accordance with previous studies (Evans et al., 1987) . nPKC expression in myoblast culture membrane fractions was 90% below levels in adult skeletal muscle membrane fractions and increased only slightly during myogenic differentiation (Fig. 3B) . Because of spontaneous contractions, myotubes rarely survived beyond 9 d. In cultures that did survive 14 d, nPKC expression was not found to exceed 15-20% of adult skeletal muscle levels. This result is consistent with the observation that nPKC expression is reduced in diaphragms after denervation (Fig. 1 A) . Cytosolic fractions of myotube cultures had barely detectable levels of nPKC throughout differentiation (data not shown), and this isoform was not detected in primary fibroblast cultures. Taken together, these data suggest that myogenic differentiation and spontaneous muscle cell activity do not promote adult skeletal muscle levels of nPKC expression in myotubes.
In parallel cultures, cPKC ␣ protein expression in the cytosol was found to increase fivefold from days 2 to 6 in culture, concomitant with cell fusion and the increase in nAChRs (Fig. 3C) . cPKC ␣ was found to be maximally expressed in myotubes at a significantly higher level than that seen in adult skeletal muscle. An increase in cPKC ␣ levels also was seen in the membrane fraction of myotube cultures such that the proportion of cytosolic to membrane cPKC ␣ expression did not change (data not shown). These results, obtained in aneural myotube cultures, are consistent with the previous experiments in which cPKC ␣ expression in denervated diaphragm muscle increased by 80% (Fig. 1B) . The increase in cPKC ␣ expression coinciding with myogenic differentiation is consistent with a role for this PKC isoform in this process. These data also suggest that innervation may suppress cPKC ␣ expression.
In our experiments, myotube cultures are composed of 80 -90% myotubes. Nevertheless, to determine whether the changes in cPKC ␣ expression during myoblast differentiation in culture are attributable to the proliferation of fibroblasts present in primary cultures rather than to myotubes, cPKC ␣ expression was measured in the cytosolic and membrane fractions of primary fibroblast cultures devoid of myotubes during the same period in culture. Levels of cPKC ␣ in primary fibroblasts were elevated only slightly compared with adult skeletal muscle and did not change significantly over this culture period (data not shown). These data rule out the possibility that primary fibroblast proliferation accounts for the increase in cPKC ␣ expression observed in differentiating myoblast cultures and support the hypothesis that cPKC ␣ plays a role in proliferation of muscle cell precursors and myogenic differentiation. nPKC mRNA transcript expression during myogenic differentiation To determine whether the expression pattern of nPKC observed during myogenic differentiation also occurred at the mRNA transcript level, analysis of the mRNA transcripts encoding nPKC was performed and compared in postnatal day 0 and adult skeletal muscle as well as myoblasts and myotubes (Fig. 4) . mRNA transcript levels for nPKC were low in postnatal day 0 skeletal muscle but increased severalfold in adult skeletal muscle (Fig. 4) , supporting previous observations that postnatal expression of nPKC protein is developmentally regulated (Hilgenberg and Miles, 1995) . nPKC mRNA transcripts were undetectable in myoblasts and appeared only at low levels in differentiated myotubes (Fig. 4) . These observations parallel those in which protein expression of nPKC in myotubes was found to be significantly less than that in adult skeletal muscle (Fig. 3B) . These data further argue that differentiation of skeletal muscle and/or spontaneous muscle cell activity is not sufficient to induce adult levels of expression of the nPKC isoform. A more likely possibility is that nPKC expression is regulated by an interaction with nerve.
PKC protein expression in myotubes cocultured with NG108-15 cells
To explore further the role of nerve in regulating PKC isoform expression, myotubes were cocultured in the presence of NG108-15 cells, a neuroblastoma X glioma hybrid cell line that has been shown previously to make synaptic contacts on myotubes in culture (Christian et al., 1977) . Coculture of myotubes with NG108-15 cells for 2.5 d caused a maximal 3.5-fold increase in nPKC protein levels (Fig. 5) . The initial increase and subsequent plateau of nPKC protein in cocultured myotubes suggest that myotubes were exposed to rising and subsequently saturating levels of either contact with or a factor(s) provided by NG108-15 cells that increases nPKC expression in myotubes. Coculturing myotubes with National Institutes of Health 3T3 cells, a trans- . Developmental regulation of nPKC mRNA transcripts in skeletal muscle and primary myoblast and myotube cultures. Total RNA from rat postnatal day 0 skeletal muscle (P0), adult skeletal muscle, and primary myoblast (day 1 in culture) and myotube (day 7 in culture) cultures was isolated and quantitated. Poly(A ϩ )-enriched RNA obtained from total RNA (300 g) from each sample was isolated, electrophoresed, and transferred to nylon membranes. Blots were probed with 32 P-labeled nPKC cDNA and were exposed for autoradiography. This figure represents one of three identical experiments.
formed fibroblast cell line, had no effect on nPKC expression (data not shown). In addition, NG108-15 cells did not affect nPKC expression in fibroblast preplate cultures lacking myotubes (data not shown). Taken together, these data suggest that NG108-15 cells increased nPKC synthesis in myotubes.
NG108-15 cells expressed detectable levels of cPKC ␣, whereas nPKC could not be detected by us in these cells. To control for the possibility that the increase in nPKC expression detected in cocultures was attributable to the induction of NG108-15 cells, rather than myotubes, to express nPKC after coculture with myotubes, and to examine cPKC ␣ expression in myotubes after exposure to NG108-15 cells, experiments were performed in which NG108-15 cells were indirectly cocultured with myotubes (see Materials and Methods). NG108-15 cells and myotubes were cultured in the same culture dish but were separated from each other by semipermeable membranes of defined pore sizes. Diffusion of medium and soluble factors, but probably not direct cell contact, between these two cell populations is possible with 0.2 m pore size membranes. Larger size pores, 3 and 8 m, are likely to have facilitated passage of large molecules as well as NG108-15 cell neuritic processes that may contact myotubes. After indirect coculture with NG108-15 cells, using 3 or 8 m pore size membranes, a 3-and 3.7-fold increase, respectively, in nPKC expression was detected in myotube membrane fractions compared with noncocultured myotube membrane fractions (Fig. 6 A; SEM for 3 m: 0.06, SEM for 8 m: 0.04; n ϭ 3 for both tissue culture inserts). Increased nPKC expression was also found in the cytosolic fraction of myotubes indirectly cocultured with NG108-15 cells but to a lesser extent than that seen in the membrane fraction (Fig. 6B) . No nPKC was detected in membrane or cytosolic fractions (Fig. 6 A,B ) from NG108-15 cells indirectly cocultured with myotubes. Expression of cPKC ␣ did not change in either the membrane or the cytosolic fraction of myotubes indirectly cocultured with NG108-15 cells (Fig. 6C, D) , and total protein expression in myotubes indirectly cocultured with NG108-15 cells was indistinguishable from control myotube cultures (data not shown). Taken together, these results further support the hypothesis that NG108-15 cells specifically increase nPKC expression in myotubes.
The extent to which NG108-15 cells were able to stimulate an increase in nPKC expression was found to be dependent on the pore size of the semipermeable membrane separating the two cultures; a 70 -80% increase in nPKC expression was detected in myotubes separated from NG108-15 cells by a 0.2 m pore size membrane compared with a 250% increase observed using membranes of 3 and 8 m pore sizes (Fig. 7) . These results suggest that a diffusible factor(s) less able to pass through a 0.2 m than a 3 or 8 m opening, and/or cell contact resulting from NG108-15 cell processes protruding through the larger size pores, is responsible for stimulating nPKC expression in myotubes.
To pursue the possibility that a diffusible factor from NG108-15 cells stimulates nPKC expression in myotubes, conditioned medium from differentiated NG108-15 cells was applied to myotubes and was not found to increase nPKC levels significantly compared with control myotubes (Fig. 7) . Subcellular membrane fractions from NG108-15 cells were more potent than conditioned medium in increasing nPKC expression in myotubes, suggesting that this effect is mediated by a factor(s) that is membraneassociated rather than diffusible. The observation that NG108-15 cells separated from myotubes by 3 and 8 m filters resulted equally in an enhanced nPKC expression that significantly surpassed that of intact cells separated by a 0.2 m filter, in which direct cell contact is expected to be minimal, further supports this hypothesis. However, because NG108-15 cell subcellular membrane fractions had a potency equal to that of intact cells separated by a 0.2 m filter, it is also possible that the factor(s) is diffusible but labile and must be continuously replenished.
nPKC mRNA transcript expression in myotubes cocultured with NG108-15 cells
To establish whether the increased nPKC protein expression observed in myotubes cocultured with NG108-15 cells also occurred at the mRNA transcript level, nPKC transcripts were measured in myotubes cocultured with NG108-15 cells. A 2.5-fold increase in nPKC mRNA was detected in myotubes cocultured with NG108-15 cells compared with control myotube cultures (Fig. 8) . No nPKC mRNA transcripts were detected in NG108-15 cell populations (Fig. 8) . These results suggest that regulation of nPKC expression in myotubes by NG108-15 cells occurs at the mRNA transcript level. mRNA transcript levels for the skeletal muscle isoform of ␣-actin indicate that differences in mRNA from myotubes cannot account for the increase in nPKC mRNA detected in cocultures (Fig. 8) .
Role of myotube activity on nPKC expression
To examine further whether muscle activity plays a role in nervedependent expression of nPKC , myotubes were preincubated with tetrodotoxin (TTX) to block spontaneous contractions. Application of TTX to cultures silenced myotube contractions but had little effect on basal nPKC expression in myotubes (Fig. 9) . Moreover, the presence of TTX failed to alter the extent to which subcellular membrane fractions from NG108-15 cells stimulated nPKC expression in myotubes (Fig. 9) . These data confirm our observation that the acquisition of contractile activity in myotubes had only a minor effect on nPKC protein expression. Furthermore, these data support the hypothesis that nPKC expression in skeletal muscle is mediated by an interaction between muscle and nerve that is independent of muscle activity. 
DISCUSSION
We investigated the cellular mechanisms that regulate PKC isoform expression in rat skeletal muscle. Our study focused on the most abundant PKC isoforms in skeletal muscle, nPKC and cPKC ␣, members of the novel and classic categories of PKC, respectively. Our previous results demonstrated that nPKC is enriched in skeletal muscle and is localized to the neuromuscular junction (Hilgenberg and Miles, 1995) . We also showed a progressive increase in skeletal muscle expression of this isoform during early postnatal development. Based on these observations, we hypothesized that nPKC plays a role in maturation of the neuromuscular junction and/or in signal transduction at this synapse.
To gain insight into the roles that these PKC isoforms play in skeletal muscle, we first sought to define the cellular mechanisms that regulate PKC isoform expression. Innervation has been shown to regulate the expression of numerous proteins in the neuromuscular junction (Brockes et al., 1975; Trimmer et al., 1990; Valenzuela et al., 1995) . To determine whether innervation of skeletal muscle affects the expression of PKC isoforms, we denervated rat diaphragm muscle and observed that expression of nPKC decreased rapidly within the first week after denervation to early postnatal levels. Expression of nPKC diminished more rapidly than the enhanced expression of nAChRs induced by denervation of skeletal muscle (Merlie at al., 1984) . In contrast, levels of cPKC ␣ increased in denervated diaphragm muscle. Together, these data suggest that PKC isoform expression is regulated by nerve. Further support for this hypothesis was obtained by experiments in which nerve crush, resulting in a transient denervation of muscle, led to a complete recovery of PKC isoform levels with a time course consistent with that of reinnervation of skeletal muscle (Valenzuela et al., 1995) . These data indicate that innervation can affect the expression of individual PKC isoforms in distinct ways, supporting the idea that PKC ␣ and may perform different functions in developing and adult skeletal muscle.
Denervation deprives skeletal muscle of nerve-evoked contractile activity and of motor neuron-derived factors that influence muscle development and maintain trophic interactions between these two tissues (Grinnell, 1995) . To investigate factors that might maintain PKC isoform levels in skeletal muscle, we examined PKC isoform expression in rat primary myotube cultures that are not innervated. The subcellular distributions of cPKC ␣ in the cytosolic and nPKC in the membrane fractions of myotubes were found to be similar to the subcellular distributions of these two isoforms in adult skeletal muscle, suggesting that innervation does not play a role in regulating the subcellular distribution of these enzymes.
PKC isoform expression was examined in cells undergoing differentiation from myoblasts to myotubes in the absence of nerve. nPKC expression in myoblasts, at both the protein and the mRNA transcript level, was significantly below levels seen in adult skeletal muscle, and the increase in expression that occurred during differentiation suggests that this process is not sufficient to induce adult skeletal muscle levels of nPKC . On the other hand, during myogenic differentiation, increased expression of cPKC ␣, to levels exceeding those in adult skeletal muscle, suggests that this enzyme may play a role in myogenesis. Although fibroblasts also express cPKC ␣, the increased levels of this isoform found in primary myotube cultures could not be attributed to the presence of fibroblasts or to their proliferation over the culture period.
The differences seen in PKC ␣ and levels in myotubes versus adult skeletal muscle lead to several hypotheses. PKC isoform expression in myotubes parallels PKC expression seen after skeletal muscle denervation and may indicate innervation-dependent regulation of PKC expression. Although it is possible that nerveevoked contraction influences PKC isoform expression, an alternative hypothesis is that nerve influences PKC ␣ and expression in skeletal muscle by virtue of other interactions. NG108-15 ). An equal number of NG108-15 cells was cultured separately in parallel (NG108-15). Total RNA from each culture and from adult skeletal muscle was isolated and quantitated. Total poly(A ϩ )-enriched RNA from each culture was isolated, electrophoresed, and transferred to nylon membranes. Adult skeletal muscle poly(A ϩ )-enriched RNA, obtained from an amount of total RNA equal to that present in the myotube culture (ϳ100 g) (PMC), was loaded as a control (skeletal muscle). Blots were probed with 32 P-labeled nPKC cDNA and exposed for autoradiography. Radioactivity was quantitated by PhosphorImager analysis using ImageQuant software. This figure represents one of three identical experiments in which the increase in nPKC mRNA in cocultured myotubes was 2.5-fold Ϯ 0.44 SEM above control myotubes. The blot represented by the top panel of this figure was subsequently reprobed with 32 P-labeled ␣-actin cDNA. Arrow indicates skeletal muscle isoform of ␣-actin mRNA transcripts.
cPKC ␣ levels may rise in denervated skeletal muscle because of the proliferation of muscle precursor cells (Hess and Rosner, 1970) , similar to the proliferation of myoblasts that occurs in culture. PKC has been shown to play a role in myoblast fusion (David et al., 1990; Vaidya et al., 1991) , and enhanced PKC activity in the soluble fraction of myotubes compared with myoblasts has been demonstrated (Adamo et al., 1989) . Perhaps this activity is attributed to cPKC ␣. The skeletal muscle-specific transcription factor myogenin is a substrate for PKC, and phosphorylation of myogenin by PKC causes the factor to lose DNAbinding activity (Olsen, 1992) . It is possible that cPKC ␣ plays a role in these early myogenic events that occur in the absence of nerve.
The expression of another skeletal muscle-specific protein kinase has been shown to be regulated by myogenic differentiation as well as by electrical activity. Recently, a receptor tyrosine kinase, MuSK, has been identified by cDNA cloning and revealed to be localized in the neuromuscular junction (Valenzuela et al., 1995) . In contrast to nPKC , MuSK mRNA transcript levels are highest in embryonic muscle and are downregulated postnatally in rat skeletal muscle. Similar to cPKC ␣, MuSK protein expression increases after axotomy or nerve crush and during differentiation of C2 myoblasts to myotubes. The functional role of MuSK and the underlying mechanisms regulating its expression in skeletal muscle have not been completely elucidated.
To examine whether the presence of nerve influences PKC expression in myotubes, we cocultured differentiated myotubes with NG108-15 cells. NG108-15 cells form functional cholinergic synapses on myotubes (Christian et al., 1977) , and a factor from these cells promotes nAChR clustering (Christian et al., 1978) . Coculture of myotubes with NG108-15 cells increases nAChR ␤ subunit tyrosine phosphorylation (K. Miles, unpublished observations), a phosphorylation pattern shared by mature nAChRs in the neuromuscular junction (Qu et al., 1990) . NG108-15 cell coculture with myotubes may mimic other events that occur during synaptogenesis at the neuromuscular junction. Coculture of myotubes with NG108-15 cells significantly enhanced nPKC protein and mRNA transcript expression in myotubes. When the two cell populations were cultured together separated by a porous membrane, the increase in nPKC expression in myotubes caused by NG108-15 cells appeared to be dependent on the pore size of the membranes separating myotubes from NG108-15 cells. This result suggests that cell contact as well as a diffusible factor(s) might be responsible for changes in nPKC expression. The observation that subcellular membrane fractions from NG108-15 cells increased nPKC expression in myotubes to the same extent as NG108-15 cells separated from myotubes by a 0.2 m filter supports this hypothesis. That cPKC ␣ levels in myotubes were unaltered by NG108-15 cells suggests that the factor(s) from nerve that increases PKC isoform expression in skeletal muscle is specific for nPKC . In addition, these results support the hypothesis that contact with nerve does not repress cPKC ␣ expression in myotubes, although the possibility that an inhibitory factor is present in motoneurons and absent from NG108-15 cells has not been eliminated.
Despite the lack of synaptic contact, myotubes in culture are electrically active and contract spontaneously. Inhibition of contractile activity by blocking voltage-sensitive sodium channels had no effect on PKC expression in myotubes. Moreover, subcellular membrane fractions from NG108-15 cells retained their ability to increase nPKC expression in electrically silent myotubes, further demonstrating that the effect of innervation on PKC expression is not likely to be mediated directly by muscle activity. Rather, the ability of nerve to contact muscle and increase nPKC expression may be attributable to another, as yet undefined, transynaptic interaction.
Certain molecules are known to affect gene expression transynaptically in skeletal muscle. ARIA, a factor belonging to the heregulin family of proteins, is thought to be synthesized and secreted by motor neurons into the extracellular matrix (Martinou et al., 1991; Corfas et al., 1995; Loeb and Fischbach, 1995) . ARIA appears to transduce its signal intracellularly via the erbB family of receptor tyrosine kinases (Corfas et al., 1995) and increases both nAChR and voltage-sensitive sodium channel synthesis in myotubes (Corfas and Fischbach, 1993) . In addition, calcitonin gene-related peptide, a neuropeptide present in motor neuron dense core vesicles (Villar et al., 1988) , also increases nAChR synthesis by raising intracellular cAMP levels (New and Mudge, 1986) .
The observation that nPKC expression, but not cPKC ␣, increases as a result of contact with a neuronal cell line supports the hypothesis that nPKC plays a unique role in the neuromuscular junction. Although specific substrates for nPKC
have not yet been identified, it is likely that ion channels, receptors, protein kinases, and phosphatases that are concentrated in the neuromuscular junction are substrates for nPKC . For example, because phorbol ester activation of PKC in myotubes interrupts ARIA-induced autophosphorylation on tyrosyl residues of members of the erbB receptor family (Altiok et al., 1995) , it is possible that nPKC is involved in downregulating the erbB receptors. In addition, nPKC may also be involved in modulating the signal transduction events initiated by agrin, as suggested by the evidence that phorbol ester treatment of myotubes inhibits both nAChR clustering and tyrosine phosphorylation induced by agrin (Wallace et al., Figure 9 . Effect of tetrodotoxin on myotube nPKC expression. Primary myoblast cultures were established and cultured for 7 d as described in the legend to Figure 2 . Myotubes were preincubated for 3 hr with (TTX ) or without (CTL) 500 nM tetrodotoxin. The subcellular membrane fraction from 1 ϫ 10 6 NG108-15 cells (ϩMF ) or buffer alone was added, and the cultures were incubated for 2 d in the continued presence of 500 nM tetrodotoxin. Myotube cultures were homogenized, and equal protein (100 g) was analyzed as described in the legend to Figure 1 . Data are expressed as percent increase in nPKC expression in cytosolic plus membrane fractions of experimental compared with control (CTL) cultures. Each experiment was performed in triplicate. Error bars represent SEM.
